Lymph node metastasis via lymphatic vessels is related with an adverse outcome in many tumors. It is unclear whether lymphatic spread needs the development of the new lymphatic vessels or the expression of lymphangiogenetic factor in intrahepatic cholangiocarcinoma. The aim of this study was to assess the role of lymphangiogenesis, vascular endothelial growth factor-C (VEGF-C) expression, and D2-40-positive myofibroblastic cells for lymphatic spread and patient outcome in 88 cases of intrahepatic cholangiocarcinoma. We also assessed VEGF-C expression in 15 cases of metastatic lymph nodes. There was a significant correlation between lower lymphatic vessel density in the tumor center and positive lymphatic invasion (P ¼ 0.0100). Poorly differentiated cholangiocarcinoma showed higher lymphatic vessel density in the tumor periphery and in the peritumoral area (P ¼ 0.0315 and P ¼ 0.0360, respectively). Lymphatic invasion was observed higher in the peritumoral area (63%, 24/38) and in the tumor periphery (79%, 30/38) than in the tumor center (27%, 9/ 38). There was no significant correlation between the proliferative lymphatic vessels and pathologic features; however, lymphatic invasion was significantly associated with VEGF-C expression (P ¼ 0.0006), and the VEGF-C expression was seen in 12 of 15 cases (80%) of metastatic lymph node. Nodal metastasis was correlated with D2-40-positive myofibroblasts (P ¼ 0.0161). VEGF-C expression was an independent prognostic factor by multivariate survival analysis (P ¼ 0.0131). Our findings suggest that VEGF-C has an important role in lymphatic invasion via the preexisting lymphatic vessels in the tumor margin, and that lymphangiogenesis does not play a direct role in lymphatic metastasis. D2-40-positive myofibroblasts may contribute to lymphatic metastasis.
Lymph node involvement is the first step of tumor metastasis in most human cancers and serves as a prognostic indicator. The lymphatic vasculature is important as the major routes for metastatic spread to the lymph node. In the last decade, significant progress has been made in the understanding of lymphangiogenesis and cancer metastasis.
1,2 Several types of human cancer can induce the formation of lymphatic vessels, [3] [4] [5] [6] whereas other cancers do not actively induce lymphangiogenesis and simply invade existing lymphatic vessels. [7] [8] [9] [10] [11] [12] [13] A positive relationship between the intratumoral or peritumoral lymphatic vessel density and lymphatic spreads has been reported in head and neck squamous cell carcinoma, 3, 14, 15 cutaneous melanoma, 16 ,17 lung cancer, 18 and pancreatic endocrine tumor. 19, 20 Vascular endothelial growth factor-C (VEGF-C) has been found to be the common lymphangiogenetic factor, acting predominantly via VEGF receptor-3 (VEGFR-3), which is expressed by lymphatic endothelial cells, 21 and VEGF-C strongly promoted the growth of tumor-associated lymphatic vessels. [22] [23] [24] [25] [26] Some clinical studies have shown a correlation between tumor VEGF-C expression and lymph node metastasis. [27] [28] [29] Intrahepatic cholangiocarcinoma remains an unfortunate liver tumor with a high mortality rate, because many patients diagnosed with cholangiocarcinoma cannot be offered curative treatment. 30 One of the major hallmark of cholangiocarcinoma is its lymph node metastasis. The lymphatic invasion and lymph node involvement are important prognostic indicators for intrahepatic cholangiocarcinoma; [31] [32] [33] [34] however, lymph node metastasis and lymphangiogenesis at the mechanistic level in intrahepatic cholangiocarcinoma are poorly understood.
The recently developed monoclonal antibody, D2-40, recognizes a mucin-like transmembrane glycoprotein, podoplanin, which is expressed in lymphatic endothelial cells. 35 Besides being reactive with lymphatic endothelium, D2-40 staining has also been observed in normal tissue, such as myofibroblasts and myoepithelial cells. In addition, podoplanin was also expressed in several tumors, including squamous cell carcinoma, germ cell tumor, and mesothelioma, raising a possibility that it may have biologic functions in tumor cells. [35] [36] [37] Thus, immunohistochemical examination of D2-40-positive non-lymphatic cells was explored to understand tumor progression.
The aim of this study was to determine intratumoral or peritumoral lymphatic vessel density by immunostaining for D2-40, proliferative lymphatic vessel as a lymphangiogenesis by double staining for D2-40/Ki67, VEGF-C expression, and intratumoral D2-40-positive myofibroblasts in intrahepatic cholangiocarcinoma, which predominantly showed a mass-forming shape and correlated with pathologic data and patient survival.
Materials and methods

Patients and Materials
Immunohistochemical examination was performed on 88 cases of primary intrahepatic cholangiocarcinoma specimens and 15 cases of lymph nodes with metastatic cancer cells obtained between the years 1986 and 2005. The lymph nodes were collected during surgery on the primary tumor. They were retrieved from the files of the Department of Pathology of the Kyushu University. The clinicopathological characteristics of the resected primary intrahepatic cholangiocarcinomas are summarized in Table 1 . On the basis of the definition by the Japanese Liver Cancer Study Group, 38 we examined 88 cases of mass-forming type of intrahepatic cholangiocarcinoma. The cases of intraductal growth type and periductal infiltrating type were excluded because neither of the tumor type was suited for the assessment of intratumoral lymphatic vessel density. The mean age was 64 years (range ¼ 33-90); the group included 57 men and 31 women. Of these, 27 had metastatic spread to the resected lymph nodes. All patients had surgery and some postoperative chemotherapy. Sections that contained areas of adenocarcinoma with adjacent non-cancerous tissue were selected. The studies were conducted with ethical approval of the Kyushu University Human Ethics Committee.
Immunohistochemistry and Evaluation
Four-micrometer thick sections were cut and deparaffinized through xylene and ethanol. Afterwards, the endogenous peroxidase activity was blocked by methanol containing 0.3% hydrogen peroxidase. Antigen retrieval was performed in a microwave oven (citrate buffer, pH 6.0) for D2-40, MIB-1, and a-smooth muscle actin. The sections for VEGF-C were digested with 0.1% trypsin solution at 371C for 30 min. The sections were incubated overnight at 41C with the primary antibodies against podoplanin (mouse monoclonal, D2-40; Nichirei Bioscience), VEGF-C (goat polyclonal, N-19, 1:200; Santa Cruz Biotechnology), Ki67 (mouse monoclonal, MIB-1, 1:100, Immunotech, Marseille, France) and a-smooth muscle actin (mouse monoclonal, 1:400; Sigma, St Louis, MO, USA). The sections were then incubated with the appropriate biotinylated secondary antibodies and streptavidin-biotin-peroxidase complex (Nichirei Pharmaceutical, Tokyo, Japan). Peroxidase reactivity was visualized using 3,3 0 -diaminobenzidine. Known breast cancer tissue was used as a positive control for VEGF-C staining 39 and normal lymph node was used as a positive control for D2-40 staining. Immunoreactivity for VEGF-C was considered positive when the cytoplasmic staining was observed in more than 10% of cancer cells. Spindle-shaped stromal cells reactive for both anti-a-smooth muscle actin and D2-40 in the tumor-associated stroma were regarded as D2-40-positive myofibroblasts. Two observers (SA and YN) evaluated and interpreted the results of immunohistochemical staining without the knowledge of the clinical data of each patient. VEGF-C and D2-40 expression in cholangiocarcinoma S Aishima et al
Assessment of Lymphatic Vessel Density and Lymphatic Invasion
Quantitative analysis of lymphatic vessel density was performed in sections that were single-stained for D2-40. The most vascularized areas within tumor ('hot spots') were chosen at low magnification ( Â 40 or Â 100) and vessels were counted at a representative high magnification ( Â 400; 0.152 mm 2 ; 0.44 mm diameter). The lymphatic vessels were counted in three fields and were recorded as total number per unit area. Three different regions were assessed separately for each section by the hot spot method. They were as follows: (a) tumor center, (b) tumor periphery-a 2-mm wide band of tumor immediately adjacent to the invasive front, and (c) peritumoral non-cancerous area-a 2-mm wide band of host tissue adjacent to the invasive front ( Figure 1 ). Single endothelial cells were counted as individual microvessels. Endothelial staining in large vessels with tunica media and non-endothelial structures were disregarded in lymphatic vessel counts. Lymphatic invasion was considered evident if at least one tumor cell cluster was clearly visible inside the D2-40-stained vascular space. The presence of lymphatic invasion was evaluated in the three areas (tumor center, tumor periphery, and peritumoral area).
Double Staining for D2-40/Ki67
The ongoing tumor lymphangiogenesis would be the analysis of proliferating lymphatic endothelial cells, which can be assessed by a double immunostaining with D2-40 to stain lymphatic vessels, together with Ki67 to stain proliferative cells. Sixty slides demonstrating high lymphatic vessel density were selected for double staining. Ki67 staining was developed with peroxidase-conjugated secondary antibody, and then D2-40 immunostaining was developed with alkaline phosphatase-conjugated secondary antibody. The rate of double-labeled vessels was determined by counting the nuclei of tumorassociated D2-40-positive vessels (100 nuclei in each tumor).
Statistical Analysis
Mean values of lymphatic vessel density and proliferative lymphatic vessels were compared using the Student's t-test. A statistical analysis to compare the relationships between the VEGF-C expression, the D2-40-stromal cells, and the clinicopathological parameters was made using the w 2 -test. Patients' survival was taken as the period of survival between surgery and the date of the last follow-up or death due to disease. The data from patients who died of causes unrelated to the disease were censored at the time of death. The survival curves were plotted using the Kaplan-Meier method and compared using the log-rank test. We conducted a univariate analysis of the prognostic factors with the w 2 -test and multivariate analysis with Cox's regression model. Po0.05 was considered statistically significant.
Results
Lymphatic Vessel Density, Lymphatic Invasion, and Proliferative Lymphatic Vessels Cancer cell invasion to the D2-40-positive lymphatic vessels was seen in 38 cases (43%). Of the 38 cases, lymphatic invasion was observed in 24 cases (63%) in the peritumoral area, 30 cases (79%) in the tumor periphery, and 9 cases (24%) in the tumor center. D2-40-positive vessels containing cancer invasion were often dilated in the peritumoral area or in the tumor periphery (Figure 2c) .
Proliferative lymphatic vessels were determined in the tumor periphery and in the tumor center separately. The rate of Ki67-positive lymphatic vessel nuclei was 1.2% (s.d. VEGF-C and D2-40 expression in cholangiocarcinoma S Aishima et al (Figure 2d ). In the peritumoral areas, proliferating lymphatic vessels were found in only four cases.
VEGF-C in Primary Tumor and in Lymph Nodes, and D2-40-Positive Myofibroblasts
Positive staining for VEGF-C has heterogeneous distribution within tumor and was observed in cancer cells in 26 cases (30%). Cancer cells showed granular cytoplasmic staining (Figure 2e ) and VEGF-C was also detected at low levels in fibroblastic cells and in blood vessel endothelial cells. By comparison, 12 (80%) of 15 cases of the metastatic lymph nodes showed the cytoplasmic staining for VEGF-C in cancer nests (Figure 2f ). Intratumoral fibrous stroma contains spindleshaped myofibroblastic cells with a-smooth muscle actin-and D2-40-positive staining in 50 cases (57%) (Figure 2g and h).
Correlation of Pathologic Parameters
As shown in Table 2 , the proportion of lymphatic vessel density in the peritumoral area and tumor periphery was higher in the cases with poorly differentiated histology than in the cases with well and moderately differentiated histology (P ¼ 0.0315 and P ¼ 0.0360, respectively). The lower lymphatic vessel density in the tumor center was significantly associated with the presence of lymphatic invasion (P ¼ 0.0100). There was no significant correlation between the proliferative rate of lymphatic vessels and pathologic features. Positive VEGF-C expression of cancer cells was significantly correlated with the presence of lymphatic invasion (P ¼ 0.0006); however, it did not correlated with nodal metastasis. There was no correlation between VEGF-C expression and lymphatic vessel density in any region. The rate of D2-40-positive myofibroblasts was significantly higher in the cases with nodal metastasis than in the cases without nodal metastasis (P ¼ 0.0161) ( Table 3) .
Outcome after Surgery and Prognostic Factors
Univariate survival analysis showed that VEGF-C expression, tumor size, histologic differentiation, lymphatic invasion, and nodal metastasis were prognostic indicators. Intratumoral or peritumoral lymphatic vessel density had no influence on patient outcome. In addition, VEGF-C expression, histologic differentiation, and nodal metastasis were independent prognostic factors according to multivariate analysis ( Figure 3 and Table 4 ).
Discussion
Several studies have shown that peritumoral lymphatic vessels are associated with lymph node metastasis, 8, 14, 17, 18, 27, 40, 41 whereas other studies, only for head and neck squamous cell carcinoma, showed that intratumoral lymphatic vessels, and not peritumoral lymphatic vessel density, are important for lymphatic spreads. 3, 14, 15 Thus, we first examined the VEGF-C and D2-40 expression in cholangiocarcinoma S Aishima et al intratumoral or peritumoral lymphatic vessel density in intrahepatic cholangiocarcinomas, and detected the following: (1) lymphatic vessel density was much lower in the tumor center than in the tumor periphery; (2) lymphatic vessels in the tumor center were frequently collapsed, whereas peritumoral lymphatic vessels showed open lumen; and (3) lower lymphatic vessel density in the tumor center was significantly correlated with the presence of lymphatic invasion. It has been reported that pancreatic cancer and melanoma demonstrated collapsed intratumoral lymphatic vessels and dilated peritumoral lymphatic vessels. 7, 12 Some studies have shown an inverse correlation between tumor aggressiveness and intratumoral lymphatic vessel density. 4, 9, 10, 11 These results suggest that intratumoral lymphatic vessels, especially in the tumor center, are destructed by the tumor growth and the lymphatic vessel is preserved in the tumor border in intrahepatic cholangiocarcinoma. In the current study, tumor invasion into the lymphatic vessels was frequently detected in the tumor periphery or in the peritumoral area. Therefore, lymphatic vessels at the tumor boundary may offer an opportunity for nodal metastasis in intrahepatic cholangiocarcinoma.
Although a correlation of lymphatic vessel density with histologic differentiation has not been reported in any cancer type, our study demonstrated that poorly differentiated types showed higher lymphatic vessel density in the tumor periphery and in the peritumoral area. Poorly differentiated cholangiocarcinoma sometimes grows an infiltrative fashion between a preexisting structure without disturbing the tissue architecture, such as vascular or lymphatic structure. This finding may account for the description that infiltrative breast carcinomas had many lymphatic vessels compared with expansive type. 42 There is considerable debate whether cancer cells can metastasize by invasion of preexisting lymphatic vessels or by the formation and invasion of new lymphatic vessels within tumors. Although lymphatic vessels with proliferating nuclei have been reported in some cancers 3, 4, 39, 43 our result by double staining of D2-40/Ki67 revealed the low rate of proliferating lymphatic vessels in intrahepatic cholangiocarcinoma. The result indicates that most intratumoral lymphatic vessels are preexisting vessels and lymphangiogenesis indeed weakly occurs in intrahepatic cholangiocarcinomas, and that preexisting lymphatic vessels, rather than newly formed ones, tend to be targets of invasion by cancer cells. The hypothesis is in line with the finding that a large number of lymphatic invasions were observed in the peritumoral tissue, which rarely has proliferative lymphatic vessels. Like our result, lymphangiogenesis do not always occur in breast cancers. 11, 44 It was demonstrated that increased lymphangiogenic activity is not required for the lymphatic spread in pancreatic ductal adenocarcinoma, 7, 9 and prostatic adenocarcinoma. 8, 22 Several studies showed that increased lymphatic perimeters and areas were found to be correlated with presence of lymphatic metastasis. 17, 39, 40, 42 Therefore, lymphatic invasion in intrahepatic cholangiocarcinoma is independent of the active lymphangiogenesis, but other possible factors are expected for the lymphatic spread. Indeed, the incidence of lymph node metastasis increased in proportion to an increase in the expression of matrix metalloproteinase-9 in intrahepatic cholangiocarcinoma. 45 The stromal desmoplasia is significantly related to the lymphatic invasion. 46 Nodal metastasis has been promoted in tumors overexpressing VEGF-C. 23 A recent study showed that VEGF-C expression of cancer cells was correlated with lymph node metastasis in intrahepatic cholangiocarcinoma. 47 In our study, VEGF-C expression in cancer cells is significantly correlated with lymphatic invasion and clinical outcome, and this expression in the metastatic lymph nodes was observed in 12 of 15 cases (80%). A few studies showed that VEGF-C support the entry of cancer cells into peritumoral lymphatic vessels. 7, 27 These results suggest that VEGF-C plays a role in the formation of lymph node metastasis without active lymphangiogenesis.
D2-40 reactivity is also observed in myofibroblasts of the prostate, and myoepithelial cells of breast glands and of salivary glands. 35 These myofibroblasts and myoepithelial cells are closely related to the biologic functions of the ductal epithelial cells. Podoplanin, which is recognized by D2-40 antibody, was also expressed in several tumors and might have a role in tumor migration or invasion. 36, 37 In our study, D2-40-positive spindle-shaped cells with myofibroblastic feature diffusely proliferated in the tumor with nodal metastasis. Although it became clear that cancer cells respond to fibroblasts differentially, depending on the type of fibroblasts and epithelial cells, 48 fibroblasts isolated from cancer tissue induced invasion of proliferation of cancer cells. 49, 50 Thus, cancer-associated fibroblasts contribute to cancer growth and metastatic progression, and are expected to the drug targets for anticancer therapy. 51 Podoplanin has not previously been linked to tumor-associated stroma; however, intratumoral D2-40-positive myofibroblasts may play a role in tumor progression due to the close interaction of cancer cells and D2-40-positive myofibroblasts.
These findings suggest that VEGF-C has an important role in lymphatic invasion, and that the preexisting lymphatic vessels in the tumor margin are sufficient for lymphatic metastasis. Lymphangiogenesis might occur in intrahepatic cholangiocarcinoma, but it does not play a direct role in lymphatic metastasis. D2-40-positive myofibroblasts may contribute to tumor metastasis with a tumor-stroma interaction.
